Introduction
============

Self-assembly is one of the most essential issues in chemistry nowadays, because it is an important bridge between chemistry and biology. Most life activities are closely linked with molecular self-assembly. Although great progress has been made in the field of self-assembly in the last several decades, artificial self-assemblies are still far from living bodies in nature. One of the important reasons is that most self-assemblies achieved until now are actually at a static state of thermodynamic equilibrium. However, unlike these self-assemblies which are under thermodynamic control, self-assemblies of living bodies in nature are typically dissipative (or dynamic, non-equilibrium) self-assemblies, since they are open systems and their activities are realized or maintained by continuously exchanging materials and energy with the external environment.[@cit1] Recently, increasing efforts have been made to promote self-assembly from equilibrium to non-equilibrium, which may produce a new approach to understand or even imitate the self-assembly in living bodies.[@cit2] Many methods have been used to achieve dissipative self-assembly, such as UV light, chemical oscillations, electric fields and even magnetic fields.[@cit3] Among these methods, chemical oscillations[@cit4] are powerful tools to realize dissipative self-assembly due to its non-equilibrium nature, because it can provide a non-equilibrium environment in which the amount of components vary continuously and periodically.

We wondered if a supra-amphiphile could be used for dissipative self-assembly. Supra-amphiphiles[@cit5] refer to amphiphiles fabricated by non-covalent interactions or dynamic covalent bonds. Generally, because of the existence of these dynamic and controllable interactions, supra-amphiphiles and their self-assembly can usually respond to external stimuli,[@cit6] which makes supra-amphiphiles promising building blocks for dissipative self-assembly. Dissipative self-assembly may be achieved when stimuli-responsive supra-amphiphiles are coupled with a chemical oscillator.

The idea behind dissipative self-assembly based on a polymeric supra-amphiphile is shown [Scheme 1](#sch1){ref-type="fig"}. The coordination between polyethylene glycol (PEG) and iodine has been well known for several decades[@cit7] and used to analyze PEG in aqueous solution, because the complex formed by PEG and iodine is insoluble in water (shown in Fig. S1[†](#fn1){ref-type="fn"}). Herein we used a double-hydrophilic block copolymer, methoxy-poly(ethyleneglycol)~113~-*block*-poly([l]{.smallcaps}-lysine hydrochloride)~200~ (PEG-*b*-PLKC) to fabricate a supra-amphiphile with iodine. After coordination with iodine, the amphiphilicity of the PEG segment changed from hydrophilic to more hydrophobic. Considering that the PLKC segment still remained hydrophilic, it led to the formation of a supra-amphiphile, PEG(I~2~)-*b*-PLKC, as shown in [Scheme 1](#sch1){ref-type="fig"}. Due to the iodine-responsiveness, a dissipative self-assembly could be realized when PEG-*b*-PLKC was coupled with a IO~3~^--^--NH~3~OH^+^--OH^--^ chemical oscillator since the oscillator could generate iodine periodically.[@cit8]

![Dissipative self-assembly realized by a supra-amphiphile based on PEG-*b*-PLKC and iodine coupled with a chemical oscillator.](c5sc03907j-s1){#sch1}

Results and discussion
======================

UV/Vis spectrometry and ^1^H-NMR were used to investigate the formation of the supra-amphiphile, PEG(I~2~)-*b*-PLKC. The change in the UV/Vis spectra of iodine after adding PEG-*b*-PLKC indicated the interaction between PEG-*b*-PLKC and iodine. As shown in [Fig. 1a](#fig1){ref-type="fig"}, both of the absorption bands of iodine (*λ*~max~ = 288 nm and 352 nm) decreased, meanwhile, one of the absorption bands (*λ*~max~ = 352 nm) exhibited a slight red shift, making the brown solution even darker. In addition, ^1^H-NMR was used to further confirm the formation of PEG(I~2~)-*b*-PLKC. As shown in [Fig. 1b](#fig1){ref-type="fig"}, after the addition of iodine, the sharp peak of the CH~2~ group in the PEG segment at *δ* = 3.6 ppm weakened and broadened significantly. The change of the peak not only indicates the interaction between the PEG segment and iodine, but also suggests the self-assembly of PEG(I~2~)-*b*-PLKC. In other words, the change of the peak suggests the PEG segment turned hydrophobic, and self-assembled into the interior of the aggregates with the addition of iodine.

![Formation and self-assembly of the supra-amphiphile. (a) The UV/Vis spectra of iodine varies with the increase of PEG-*b*-PLKC, the concentration of PEG-*b*-PLKC is calculated by the molarity of its repeating units, the concentration of iodine is fixed at 0.5 mM, pH = 2.9. (b) ^1^H-NMR of the PEG-*b*-PLKC and PEG(I~2~)-*b*-PLKC in D~2~O. (c) The TEM image of the aggregates formed by PEG(I~2~)-*b*-PLKC, the concentration of PEG-*b*-PLKC (calculated by repeating units) was 0.91 mM, and the concentration of iodine was 1.0 mM. The diameter of the aggregates was about 35 nm. (d) The diameter of the aggregates varied with the concentration of iodine. The concentration of PEG-*b*-PLKC (calculated by repeating units) was fixed at 0.91 mM. *T* = 303 K, pH = 2.9.](c5sc03907j-f1){#fig1}

To further characterize the self-assembly behaviour of PEG(I~2~)-*b*-PLKC, transmission electron microscopy (TEM) and dynamic light scattering (DLS) were applied. The samples for TEM observation were prepared by drop-coating the solution on a carbon-coated copper grid without any staining. As shown in [Fig. 1c](#fig1){ref-type="fig"}, approximately spherical aggregates were formed by PEG(I~2~)-*b*-PLKC. The *ζ*-potential of the aggregates was measured to be +22.5 mV, indicating the positively charged hydrophilic surface of the aggregates mainly consisted of the PLKC segment. As shown in [Fig. 1d](#fig1){ref-type="fig"}, the diameter of the aggregates varying with the concentration of iodine was also measured by DLS. The aggregates could be detected only when the concentration of iodine was increased to 0.06 mM (6.6% of the repeating units of the PEG). Meanwhile, it can be found that the diameter of the aggregates got smaller with the increase of iodine. It may be ascribed that more iodine turns the PEG segment more hydrophobic, making the aggregates more compact.

Since the self-assembly of the supra-amphiphile varied with the concentration of iodine, dissipative self-assembly can be achieved by coupling the supra-amphiphile with a chemical oscillator in which the amount of iodine is time-dependent. Among the numerous well-studied chemical oscillators, an IO~3~^--^--NH~3~OH^+^--OH^--^ oscillator was chosen because it can not only generate iodine periodically but the pH value of the reaction mixture is also oscillatory, allowing the oscillations to be easily tracked. Moreover, its oxidant, IO~3~^--^ was not as strong in acidic environment as to destroy the PEG-*b*-PLKC.[@cit3c] As a dissipative system, sustained oscillations need a continuous supply of reactants and energy. Therefore, a continuous stirred tank reactor (CSTR) should be employed ([Fig. 2a](#fig2){ref-type="fig"}). Stock solutions of reactants were injected into the CSTR by peristaltic pumps and the waste produced by the chemical oscillations overflowed from the reactor. A thermostatic water bath was used to keep the temperature at 303 K. As shown in [Fig. 2b](#fig2){ref-type="fig"}, oscillations over a period of about 5.3 h could be achieved when the reciprocal residence time, *k*~0~ was 1.78 × 10^--4^ s^--1^, and the stirring rate was 800 rpm. The generation of iodine can be clearly observed during the low-pH state of the oscillations by the brown colour of the reaction mixture.

![(a) The illustration of the CSTR for sustainable oscillations. (b) pH-time curve of the IO~3~^--^--NH~3~OH^+^--OH^--^ oscillator, input concentration: \[NH~2~OH·HCl\]~0~ = 50 mM, \[NaIO~3~\]~0~ = 13 mM, \[NaOH\]~0~ = 40 mM, *k*~0~ = 1.78 × 10^--4^ s^--1^, *T* = 303 K. Stirring rate was 800 rpm. The brown colour of iodine can be easily observed during the low-pH state.](c5sc03907j-f2){#fig2}

For realizing dissipative self-assembly, 24 μM (2.71 mM, calculated by repeating units of PEG) PEG-*b*-PLKC was injected into the CSTR as shown in [Fig. 2a](#fig2){ref-type="fig"}. Before the injection, the aqueous solution of PEG-*b*-PLKC was treated with ultrasonic sound for more than 10 min to make the polymer sufficiently disperse in water. The period of the oscillations dwindled from 5.3 h to about 3.2 h with the addition of PEG-*b*-PLKC as shown in [Fig. 3a](#fig3){ref-type="fig"}. A laser beam at *λ* = 655 nm was applied to detect the formation of the aggregates. During the low-pH state, a significant "Tyndall phenomenon" can be observed (shown in [Scheme 1](#sch1){ref-type="fig"} and the supplementary video, the video is played at a 1000× speed for convenience of the observation), indicating the self-assembly of PEG(I~2~)-*b*-PLKC in the CSTR. However, the scattering light turned significantly weak and the reaction mixture became colourless during the high-pH state, as the iodine disappeared and the supra-amphiphile disassembled. For further quantitative investigation, a micro-spectrometer with optical fibre was used to measure the scattering light as exhibited in [Fig. 3c](#fig3){ref-type="fig"}. The time-dependent intensity of the scattering light was recorded synchronously with the chemical oscillations ([Fig. 3b](#fig3){ref-type="fig"}). It can be found that the scattering light varied with the oscillations regularly. During the high-pH state, the scattering light was too weak to be recorded, because the concentration of iodine was too low to form the supra-amphiphile. However, the intensity of the scattering light increased steeply when the oscillations suddenly switched to a low-pH state, because the iodine was massively produced in this switch. Then the scattering light faded during the following period of the low-pH state due to the reduction of iodine. Interestingly, the scattering increased again at the end of the low-pH state. This may be attributed to the aggregation increasing when the concentration of iodine decreases as shown in [Fig. 1d](#fig1){ref-type="fig"}. Meanwhile, it can be also observed that the intensity of the scattering light got stronger in every next period, especially in the earlier stage of the low-pH-state. This might result from the insufficient dispersion of PEG-*b*-PLKC re-generated by the disassembly of the aggregates of PEG(I~2~)-*b*-PLKC.[@cit2d] Therefore, part of the polymers may still aggregate in a loose manner. When the iodine re-generated massively in the next period, these loose aggregates can grow into larger aggregates. The larger aggregates in the CSTR may gradually accumulate and even grow larger with repeated oscillation cycles causing the scattering light to get stronger, because the intensity of the scattering light is very sensitive to large aggregates, according to the Rayleigh equation. It could also be observed that the solution in the CSTR got slightly cloudy after several oscillation cycles (further discussion and more experimental data are included in the ESI, Fig. S3[†](#fn1){ref-type="fn"}).

![Oscillations of pH and scattering light intensity in the CSTR. (a) The pH-time curve. (b) The intensity--time curve of the scattering light. As the oscillations also generated N~2~O and N~2~, the bubbles in the CSTR would sometimes cause a random and momentary increase of the scattering light in a very short time. For convenience, the influence of the bubbles was removed. The original curve is included in ESI, Fig. S2.[†](#fn1){ref-type="fn"} Input concentration: \[NH~2~OH·HCl\]~0~ = 50 mM, \[NaIO~3~\]~0~ = 13 mM, \[NaOH\]~0~ = 40 mM, \[PEG-*b*-PLKC\]~0~ = 8.0 μM, *k*~0~ = 1.78 × 10^--4^ s^--1^, *T* = 303 K. (c) An illustration of the equipment for the quantitative measurement of scattering light.](c5sc03907j-f3){#fig3}

The mechanism of the IO~3~^--^--NH~3~OH^+^--OH^--^ oscillator has been well studied by Rábai and Epstein in 1990,[@cit8a] which involves eight component reactions which are listed in [Table 1](#tab1){ref-type="table"} (no. 1--8). In the case of supra-amphiphile PEG(I~2~)-*b*-PLKC, there should be one more reaction between PEG-*b*-PLKC and iodine, listed as no. 9 in [Table 1](#tab1){ref-type="table"}. Although the kinetics of the coordination between iodine and PEG-*b*-PLKC should not be as simple as that of an elementary reaction, we just added the rate reaction between iodine and PEG-*b*-PLKC as an elementary reaction to the original mechanism suggested by Rábai and Epstein for simplicity. The apparent forward and backward rate constants were set as *k*~M9~ = 3.48 mol^--1^ L s^--1^, and *k*~--M9~ = 2 × 10^--3^ s^--1^, respectively. The results of the simulation are shown in [Fig. 4](#fig4){ref-type="fig"}. Except for the slight difference in the peak shape, both the amplitude and the period agree well with the experimental value. Meanwhile, the simulation also shows that the decrease of the period after adding PEG-*b*-PLKC compares with the period of the oscillations without PEG-*b*-PLKC (Fig. S4[†](#fn1){ref-type="fn"}), which is the same as the experimental result. Furthermore, the equilibrium constant of reaction 9 in [Table 1](#tab1){ref-type="table"}, *K*~M9~, could be also calculated by the simulation of the oscillations: log *K*~M9~ = log(*k*~M9~/*k*~--M9~) = 3.3. This is quite close to the experimental value, log *K*~M9~ = 3.5, obtained from isothermal titration calorimetry (shown in Fig. S5[†](#fn1){ref-type="fn"}), providing further support for the above simulation. Notably, the kinetics of the stimuli-responsive molecular self-assembly remain difficult to investigate directly by the means of experiments so far, because most of the processes of molecular self-assembly are too fast to be well detected by current characterization techniques. The simulation of the *k*~M9~ and *k*~--M9~ suggests that coupling with proper chemical oscillations may provide a new approach to investigate the kinetics of stimuli-responsive molecular self-assembly.

###### Mechanism of the oscillations used for computational simulation

  No.   Reaction                                                       Rate
  ----- -------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------
  1     NH~2~OH + H^+^ ⇌ NH~3~OH^+^                                    *k* ~M1~\[NH~2~OH\]\[H^+^\] -- *k*~--M1~\[NH~3~OH^+^\]
  2     H~2~O ⇌ H^+^ + OH^--^                                          *k* ~M2~\[H~2~O\] -- *k*~--M2~\[H^+^\]\[OH^--^\]
  3     3NH~3~OH^+^ + IO~3~^--^ ⇀ 3NOH + I^--^ + 3H~2~O + 3H^+^        *k* ~M3~\[IO~3~^--^\]\[NH~3~OH^+^\]
  4     IO~3~^--^ + 5I^--^ + 6H^+^ ⇀ 3I~2~ + 3H~2~O                    *k* ~M4~\[IO~3~^--^\]\[I^--^\]^2^\[H^+^\]^2^
  5     NH~3~OH^+^ + I~2~ ⇀ NOH + 2I^--^ + 3H^+^                       {(*k*~M5~ + *k*~M5′~/\[H^+^\])\[I~2~\]\[NH~3~OH^+^\]}/{1 + *K*\[I^--^\] + *Q*\[I^--^\]^2^ + *Q*′\[IO^3--^\] + *Q*′′\[I^--^\]\[IO^3--^\]}
  6     2NOH ⇀ N~2~O + H~2~O                                           *k* ~M6~\[NOH\]^2^
  7     NH~2~OH + NOH ⇀ N~2~ + 2H~2~O                                  *k* ~M7~\[NOH\]\[NH~2~OH\]
  8     I~2~(a.q.) ⇀ I~2~(gas)                                         *k* ~M8~\[I~2~(a.q.)\]
  9     M[^*a*^](#tab1fna){ref-type="table-fn"} + I~2~(a.q.) ⇌ MI~2~   *k* ~M9~\[M\]\[I~2~(a.q.)\] -- *k*~--M9~\[MI~2~\]

^*a*^"M" represents the repeating units of the PEG segment.

![Simulation of the oscillations. Input concentration: \[NH~2~OH·HCl\]~0~ = 50 mM, \[NaIO~3~\]~0~ = 13 mM, \[NaOH\]~0~ = 40 mM, \[PEG-*b*-PLKC\]~0~ = 8.0 μM, *k*~0~ = 1.78 × 10^--4^ s^--1^. The period of the oscillations was simulated as 3.3 h.](c5sc03907j-f4){#fig4}

Conclusions
===========

In summary, we have fabricated a supra-amphiphile based on the non-covalent interactions between PEG and iodine. The self-assembly and disassembly of the supra-amphiphile can be controlled by the concentration of iodine. A dissipative self-assembly is achieved successfully by coupling the supra-amphiphile with a chemical oscillator which allows the control of the concentration of iodine periodically. This has demonstrated that supra-amphiphiles are promising building blocks for dissipative self-assembly. Considering the diverse building blocks used for constructing supra-amphiphiles, our research not only develops the application of chemical oscillations, but also enriches the field of artificial dissipative self-assembly. In addition, we also try to use the theoretical modelling of chemical oscillations to estimate the kinetic data of molecular self-assembly, which are difficult to monitor directly. This line of research may provide a new strategy to investigate the kinetics of stimuli-responsive molecular self-assembly.
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